This paper presents the modelling and analysis of a piezoelectric annular stator structure for a new in-situ dynamic balance regulator which is driven by the in-plane bending vibration of the stator. The mathematical model for the in-plane vibration is first developed using an analytical method to determine the theoretical excitation frequency. The excitation modes and structural parameters are then analysed to optimise the performance of the stator. To improve the efficiency of the design and to achieve precise control, a semianalytical electromechanical coupling model is developed using the dynamic substructure method and the finite element method. The model is verified in preliminary tests.
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INTRODUCTION
The dynamic balance regulator, which can be used to balance the rotor dynamically during operation, is the core component of an in-situ dynamic balance system. The performance of the regulator directly influences the accuracy and the duration of the dynamic balancing process. Van de Vegte [1] , who first studied in-situ dynamic balance regulators for motors in 1964, proposed that a balance block, whose radial position relative to the centre of rotation was under continuous adjustment by a worm gear mechanism, could be used to achieve in-situ rotor balancing. In 1978, Van de Vegte modified the dynamic balance regulator to use a mass block driven by a motor to change the angular displacement relative to the attached rotating spindle. The electrical power for the driving motor was supplied by external brush contacts [2, 3] . Bishop [4] presented a similar design in 1982. Lee et al. [5] used a wireless remote-control technique to control a dynamic balance regulator in 1987. However, there were other problems with the balancing motor in addition to the difficulty in power transmission. For example, due to the significant size and inertia of the balancing motor, the dynamic balance system, which rotated with the spindle, could limit the maximum rotating speed and cause imbalance. To solve these problems, in 1998, Zeng et al. [6, 7] presented a new electromagnetic dynamic balance regulator with a small axial dimension and no moving parts in the dynamic balance system. The approach of rotating a balance mass relative to the spindle was similar to the principle of a stepping motor. Two basic types of dynamic balance devices have been used in industry. One type is similar to the electromagnetic dynamic balance devices described; such devices are produced by Dittel in Germany and Lord in the United States. The other type is the sprayed-fluids dynamic balance device used primarily in grinding machines. This type of device was developed by a German company, Hofmann, in the 1960s and is still produced by some companies.
In this paper, a new type of piezoelectric dynamic balance regulator is introduced, the piezoelectric dynamic balance regulator, which can overcome some of the disadvantages of existing dynamic balance regulators. In the first stage of the research, the structure of the annular piezoelectric stator, which is the core of the regulator design, is modelled and analysed. The main purpose of this paper is to establish an accurate and effective approach with which to verify the results of the design optimisation of the piezoelectric dynamic balance regulator.
In Section 2 of this paper, the performance characteristics of the proposed piezoelectric dynamic balance regulator are introduced and compared with two common types of dynamic balance regulators. The overall structure and the balancing principle of the piezoelectric dynamic balance regulator are described in detail. In Section 3 of this paper, the operating vibration mode and its resonant frequency are determined using an analytical method. Based on the resonant frequency, the polarised regions of the piezoceramic discs and the structural parameters of the piezoelectric stator are analysed to obtain the optimum design parameters for the stator. Finally, using these parameters, a semi-analytical electromechanical coupling model of the piezoelectric stator is developed using the dynamic substructure method and the finite element method. In Section 4 of this paper, experimental results from a prototype system and a preliminary analysis of the results are presented. Finally, conclusions and future research directions are described in Section 5.
THE PIEZOELECTRIC DYNAMIC BALANCE REGULATOR

Overview of the piezoelectric dynamic balance regulator
Existing dynamic balance regulators are based on different physical principles and mechanical structures. Some essential weaknesses are inevitable that limit the balancing ability of the regulators and their scope of application. Sprayed-fluid dynamic balance regulators mount on the end of the rotor of spindle systems and compensate for the rotor imbalance during rotation using fluids. Balancing is achieved using ring containers in the regulator, which are divided into several chambers. Because the fluid in the regulator can only be drained when the spindle is stopped, the balancing ability gradually declines with the number of balancing adjustments performed, due to the limited volumes of the chambers. This regulator is therefore not suitable for machines operating continuously for long periods. Additionally, because the chambers are not closed, losses due to volatilisation of the fluids further reduce the accuracy and the ability of these devices to maintain the balance.
In an electromagnetic dynamic balance regulator, when the electromagnetic torque generated by the electric current to the coils on the stator is greater than the joint torque between the slide plate seats, the slide plate and the correction mass rotate circumferentially, and there is an angular displacement with respect to the balanced rotor. This device overcomes the inability of sprayed-fluid regulators to operate continuously for long periods. However, the resolution of the angular displacement of the correction mass is too coarse for fine adjustments because of the limited number of upper coils on the stator. Additionally, the regulator uses a permanent magnet to lock the position of the slide plate and the correction mass. High working temperatures and long-term electromagnetic interference can gradually demagnetise the permanent magnet and reduce its locking ability. In extreme cases, this can lead to catastrophic failure.
In view of the disadvantages of existing dynamic balance regulators, a new piezoelectric dynamic balance regulator is proposed in this paper. The regulator shares some of the basic actuation principles of the standing-wave ultrasonic motor, but there are many distinctions between them.
The conventional ultrasonic motor primarily uses the out-of-plane bending vibration mode of the stators to drive the rotor, and the interface between the stator and the rotor is the annular surface. This type of motor can easily be made with stable properties and a high output torque, but the thickness of the motor in the axial direction is limited by the contact structure of the stator and the rotor. In this paper, the proposed piezoelectric dynamic balance regulator uses the outer circumferential surface of the annular piezoelectric stator to drive the rotor, and the vibration mode of the stator is in-plane bending. This new design approach can reduce the regulator thickness and miniaturise the regulator, fulfilling the requirement that the dynamic balancing device have as little impact as possible on the operating characteristics of the balanced object. Additionally, compared to the electromagnetic balancing regulators described above, the piezoelectric dynamic balance regulator has many advantages, including simple construction, light weight, high resolution of the balancing displacement, high stall and output torques at low speed, a high retaining force, fast response, and no electromagnetic interference. Fortunately, each of these advantages is well suited to the requirements for an in-situ dynamic balance system. Figure 1 shows the structure of the piezoelectric dynamic balance regulator, which can be mounted on the end of the rotor of a motorised spindle system using an interference fit or a keyway and rotates with the rotor. Except for the counterweight block, all of the components of the regulator are axially symmetric to obtain an intrinsically balanced design. There are two piezoelectric actuating devices installed in the regulator housing, each device consisting of a rotor and a piezoelectric stator with six driving teeth. The stator is fixed on the mounting surface of the regulator; the driving teeth on the stator press against the inside circumference of the rotor, which rotates in a groove on the mounting surface (Fig. 2) . The stator and the rotor are pre-tensioned in the radial direction to avoid an increase in the motor thickness during operation. Additionally, a counterweight block is installed on each rotor and rotates with the rotor. When the piezoelectric stator resonates in an in-plane bending vibration mode under high-frequency sinusoidal voltage excitation, the stator acts as a friction drive to move the rotor structure to the desired position to alter the balancing vector. The combined action of the two piezoelectric actuating devices thus creates a resultant balancing vector that achieves dynamic balance adjustment by controlling the positions of the two counterweight blocks. The dynamic balancing principle is shown in Fig. 3 .
Structure and principle of the piezoelectric dynamic balance regulator
The dynamic balance regulator is a special type of piezoelectric actuator and has a common feature of all piezoelectric actuators, a two-stage energy conversion process. In the first stage, the piezoelectric stator converts energy from electrical power to mechanical power through the standing waves induced in its structure with frequencies in the ultrasonic range. In the second stage, the stator transfers wave energy to the rotor through the frictional contact force between them. Consequently, as the core component of the dynamic balance regulator, the piezoelectric stator is emphasised in this research.
The piezoelectric stator consists of an annular elastic metal body with two annular piezoceramic discs bonded on the top and bottom. Six driving teeth are distributed equally around the outer circumference of the metal body. Each bidirectionally polarised piezoceramic disc has six uniformly polarised regions as shown in Fig. 4 (a) (the basis of the polarisation will be explained in Section 3.4). In the figure, the black arrows represent the direction of the polarisation of each region. The two identical piezoceramic discs are bonded so that the regions in the same circumferential location on the two discs have opposite polarisations. The radial centre line of each region of the piezoceramic discs is offset by a certain angle from the midline of the nearest driving tooth on the metal body, as shown in Fig. 4 
(b).
Counter-weight block install position Driving tooth Fig. 2 . Contact-friction drive scheme using a stator and a rotor. Under the excitation of a single-phase sinusoidal voltage with a specific frequency, one wavelength of a standing wave is induced in each pair of neighbouring regions on each piezoceramic disc; consequently, the composite piezoelectric stator is three wavelengths long in the circumferential direction. When an identical high-frequency sinusoidal electrical signal is applied to the two piezoceramic discs, using the metal body as one electrode and the unbonded surfaces of the two piezoceramic discs as the other electrode, each disc generates its own standing wave pattern according to its polarisation pattern. The two standing waves are in phase and can excite the composite piezoelectric stator to produce the desired in-plane bending vibration mode, (3, m) , where m represents the number of nodal circles.
The in-plane vibration of the annular stator possesses multiple modes, including extension-contraction, bending and torsion, with each mode corresponding to different resonant frequencies. Existing rotary ultra-sonic motors are based on the out-of-plane bending vibrations of the stator [8] . In contrast, the piezoelectric stator described in this paper adopts in-plane bending vibration as its operating mode.
In the in-plane bending vibration mode, (3, m), each particle on the outer circumference of the annular stator has both radial and circumferential motion components. The circumferential displacement is non-zero in all particles except those particles at extreme radial displacements, i.e., the crests and troughs of the stator vibration waves.
Consequently, the six driving teeth are placed on the outer circumference of the annular stator so that when the teeth contact the rotor, their radial displacement produces a positive radial pressure on the rotor. Simultaneously, the circumferential displacement of the teeth produces the relative motion of the rotor, and the rotor is propelled by the contact friction between the teeth and the rotor. Figure 5 shows the displacement vector of each tooth plotted with respect to its angular position, where the vibration period is T , the time is t, and the outer circumference of the stator and the six driving teeth are spread along the abscissa. In the first half of the vibration period, the three teeth (1, 3 and 5) in the rising state act to propel the output rotor in an anticlockwise direction during contact. In the second half of the vibration period, the other three teeth (2, 4 and 6) act in the same driving role. Therefore, during continuous vibration, the six teeth act in two groups to alternately propel the rotor in a continuous counterclockwise rotation. 
MODELING AND ANALYSIS OF THE ANNULAR PIEZOELECTRIC STATOR STRUCTURE
Frequency response analysis of the piezoelectric stator
The displacement function of the piezoelectric stator can be derived by analysing the in-plane vibration of an elastic thin plate [9] . At high frequencies, the inherent vibration of an elastic thin plate is in-plane; i.e., the vibration occurs primarily in the r and Â directions, and the displacement in the z direction can be ignored [8] . In the cylindrical coordinate system, the annular plate displacements are u r D u r .r; Â; t /, u Â D u Â .r; Â; t /, and u z D 0, and the stresses are rz , Â z , and zz D 0. Using the stress-strain relationship of the plane stress problem from elastic mechanics, the equilibrium equations of motion for the annular plate can be derived as follows:
(
The resultant radial and circumferential displacement functions, u r and u Â , respectively, of the in-plane vibration mode of the annular plate structure can be derived as follows:
where h=
, is the material density, is Lamé's constant, is Poisson's ratio, E is Young's modulus, and G is the shear modulus. A, B, C and D are coefficients determined from the boundary conditions of the annular plate structure.
The annular structure of the piezoelectric stator is mounted so that its inner circumference (r D a) is fixed and its outer circumference (r D b) is free. The following boundary conditions are adopted for the derivation of the resonant frequency of the in-plane bending vibration mode of the piezoelectric stator [10] :
where T rr and T rÂ are the radial normal stress and the tangential shearing stress, respectively. Substituting the displacement function in Eq. (2) into the boundary conditions in Eq. (3), one can find the resonant frequency (f r ) of the in-plane bending vibration of the annular plate:
where˛n ;m is the natural frequency constant of the annular plate, the subscript m represents the number of nodal circles, and n represents the number of waves (i.e., the nodal diameter).
Polarisation of the piezoceramic discs
To determine the polarisation of the regions of the piezoceramic discs, the piezoelectric effects are analysed based on the determined resonant frequency. Due to the inverse piezoelectric effect, the deformation from the in-plane bending vibration will induce an electric charge on the surface of the discs. Because the charge in the piezoceramic discs is polarised across the thickness of the disc, charge is only produced in the axial direction (z), and the charge density distribution on the surface is:
where d 31 is one of the piezoelectric strain constants, and ! D 2 f r . Equation (5) can be used to find the induced charge distribution in the piezoceramic disc resulting from the vibration, and the polarisation arrangement to drive the in-plane bending vibration can then be determined in accordance with the distribution.
A piezoceramic disc with an inner diameter of 51 mm and an outer diameter of 80 mm is chosen to calculate the piezoelectric charge corresponding to an in-plane bending vibration mode of (3, 3) . It is shown in Fig. 6 that the positive and negative charges on the surface of the piezoceramic disc distribute alternately in the circumferential direction. According to the calculation, the piezoceramic disc can be polarised into six equal regions, and the neighbouring regions are of opposite polarity. The designed piezoceramic disc is shown in Fig. 7 . 
Analysis of the excitation mode of the piezoelectric stator
To investigate the high frequency modal shapes of the piezoelectric stator, the finite element software AN-SYS is used to analyse the resonant frequencies and the corresponding modal shapes of the in-plane bending vibration of the annular laminated structure of the piezoelectric stator, as shown in Fig. 8 . The structural dimensions used in the finite element model are shown in Table 1 , and the material parameters are shown in Table 2 .
Parameter name Parameter values Units
Outer diameter of the annular laminated structure 80 mm
Inner diameter of the annular laminated structure 51 mm
Thickness of metal body 2.4 mm Thickness of piezoceramic disc 0.5 mm The radial displacement of the annular laminated structure of the piezoelectric stator due to an in-plane bending vibration mode will apply radial pressure on the rotor, and the circumferential displacement due to the vibration mode will cause relative movement between the stator and the rotor by frictional force; the circumferential displacement influences the rotational speed of the rotor. Because the (3, 1) in-plane bending vibration mode has a greater radial displacement than circumferential displacement, and the (3, 2) mode has a greater circumferential displacement than radial displacement, the (3, 3) mode is chosen as the excitation mode of the stator to generate nearly equal displacements in both directions.
Structural parameter optimisation of the piezoelectric stator
To optimise the structural parameters of the piezoelectric stator, it is necessary to perform a modal analysis of the stator to ensure sufficient frequency intervals between the adjacent resonant frequencies to avoid modal overlap.
Because the inner and outer diameter of the stator are determined by the piezoceramic discs, there are three structural parameters of the stator to be optimised, namely, the thickness Tha and the width Wb of the support plate and the thickness Thc of the elastic metal body (see Fig. 9 ). Piezoelectric stators with different structural parameters are analysed using the finite element software ANSYS to determine the modal frequencies.
As shown in [8] , interference modes with a frequency difference of at least 2 kHz from the operating mode have little effect on the normal operation of an ultrasonic motor. To separate the resonant frequencies of adjacent vibration modes with sufficient frequency intervals, the relation between the structural parameters and the distribution of the resonant frequency is analysed to find the optimal parameters for the elastic metal body to maximise the frequency separation.
First, the width and the thickness of the support plate are set to 2.0 mm and 0.6 mm, respectively, and the relation between the stator thickness and the spectral distribution of the resonant frequencies is computed (Fig. 10) . The thickness of the metal body to which the piezoceramic discs are bonded should be thin to achieve a high vibration amplitude in the piezoelectric stator. It is also clear that a thickness of approximately 1.7 mm will lead to interference between the adjacent vibration modes. Taking these factors into consideration, 2.4 mm is selected as the optimal thickness of the elastic metal body.
Wb Thc Tha
Elastic metal body Piezoelectric ceramics Fig. 9 . Cross section of the stator structure.
In the resonant frequency distribution plot in Fig. 11 , the thicknesses of the elastic metal body and of the support plate are respectively set to 2.4 mm and 0.6 mm. The resonant frequency of the in-plane bending vibration mode is between the frequencies of two adjacent out-of-plane vibration modes. To avoid exciting these adjacent vibration modes in the stator, there should be sufficient margins between the in-plane vibration frequency and the two adjacent vibration frequencies. If the width Wb of the support plate is 2.0 mm, the frequency margins will be greater than 3 kHz, as shown in Table 3 , and the influence of the adjacent vibration modes will be significantly reduced. The relation between the support thickness and the frequencies of the (3, 3) in-plane bending vibration mode and its adjacent vibration modes for an elastic metal body thickness of 2.4 mm and a support plate width of 2.0 mm is shown in Fig. 12 . When the thickness of the support plate is 0.8 mm, there are sufficient frequency margins between the in-plane vibration frequency and the two adjacent vibration frequencies. Additionally, the thickness of the support plate will influence the rigidity of the whole stator. If the support plate is too thin, more distortion of the stator is needed to provide sufficient preload during installation. Therefore, the support thickness is chosen to be 0.8 mm. Summarising the analysis, the optimised structural parameters of the stator are an elastic metal body thickness of 2.4 mm and a support plate width and thickness of 2.0 mm and 0.8 mm, respectively.
Semi-analytical electromechanical coupling model for the piezoelectric stator
To improve the efficiency of the design and achieve precise control, an electromechanical coupling model with high accuracy and computational efficiency is essential. The regulator can be modelled as shown in Fig. 13 .
In Fig. 13 , parts I, II, III and IV form the stator, and V represents the rotor. The inner support plate I, the substrate II, and the tooth IV are made of the same metal material. The piezoelectric component denoted by III serves as the transducer and has induced stress and strain, which are transferred from the piezoelectric component to the substrate II by the bonding layer to excite the standing wave in the stator. The stator, with its piezoelectric component, is critical for the electromechanical conversion of energy.
The piezoelectric laminated structure of the stator couples a mechanical force field and an electrical field. This coupling can be described using the energy method. Based on Hamilton's principle, the following energy functional equation can be obtained for the stator:
where ı is the variational symbols, L is the Lagrangian function, ıW is the virtual work performed by the external forces. t 1 and t 2 are time domain boundaries of the variation. On the basis of Eq. (6), the electromechanical coupling equation for the stator can be derived using the dynamic substructure method and the finite element method (FEM). A shape function is created for the stator by discretising the radial coordinate, whereas an analytical method is used in this section for the other coordinate directions. For this reason, the proposed model is called a semi-analytical electromechanical coupling model.
The stator can be divided into three substructures: the support substructure I, the vibrating substructure II, and the driving teeth substructure III, as shown in Fig. 14 .
Substructures I and II can be modelled as semi-analytical elements because of their axially symmetric annular structures. Figure 15 shows the cross section of the piezoelectric stator, in which the stator is meshed in the radial direction using five semi-analytical ring elements indicated by the values j (j D1, 2, 3, 4 and 5). The displacement function for the annular stator is formulated based on the in-plane bending vibration mode of the annular structure and the radial cross section of the piezoelectric stator [11] as follows:
where X j r and X j Â are the shape functions of the radial and the tangential displacements, respectively, of the annular elements. j .t / and W j are the nodal displacements and the response amplitudes, respectively, of the annular elements. and the electric field energy W j E of the annular elements can be derived as follows:
where M is the mass matrix, K is the stiffness matrix, is the damping matrix, C p is the capacitance matrix of the piezoceramic element, ‚ is the electromechanical coupling coefficient matrix, and V is the excitation voltage matrix.
In the dynamic analysis of vibrational structures, damping plays an important role. However, because of the complexity of the damping analysis, the most straightforward way to treat damping is to assume Rayleigh damping. Classic Rayleigh damping is calculated using a linear combination of the stiffness and the mass matrices:
where˛andˇare the coefficients of Rayleigh damping. According to the functional equation of the Hamiltonian energy [12] , the electromechanical coupling equations for the substructures of the piezoelectric stator are obtained as follows:
For substructure II:
where Q is the charge load on the piezoceramic disc.
The electromechanical coupling equations for the complete piezoelectric stator structure, with the damping incorporated and continuity maintained in the displacements at the interface between the substructures after discretisation, are as follows:
where F r and F Â are the contact forces of the driving teeth in the radial direction and the tangential direction, respectively. Using the mathematical model described in Eq. (15), the energies of the balancing regulator can be calculated, and the efficiency of the electromechanical energy conversion can be estimated simultaneously.
The excitation peak-to-peak voltage is set to 100 V. The outer and inner diameters of the piezoelectric stator are 80 mm and 51 mm, respectively. The elastic metal is aluminium, and the piezoceramic disc material is P-81. The following results can be derived using Eq. (15):
The kinetic energy expression for the piezoelectric stator is:
The potential energy expression for the piezoelectric stator is:
The expression for the energy loss due to damping in the piezoelectric stator is:
The electric field energy expression for the piezoelectric stator is:
The complete charge load on the surface of the piezoelectric stator is:
Therefore, the total current through the piezoelectric stator is:
The total energy conversion efficiency from electrical to mechanical energy in the piezoelectric stator is:
EXPERIMENTAL TESTS AND MODEL VERIFICATION
Experimental analysis of the resonant characteristics of the piezoelectric stator
To verify the analytical and numerical modal analyses of the stator structure, an experimental test bench is established to measure the resonant frequency of the in-plane bending vibration of the piezoelectric stator, as shown in Fig. 16 . The schematic configuration is shown in Fig. 17 .
The test bench includes an FRA5097 frequency response analyser to generate the excitation signal and an HSA4051 power amplifier to amplify the stator excitation signal (both instruments are products of the NF Corporation). The stator output voltage V pp and current I pp are measured simultaneously by the analyser to obtain the frequency response of the impedance, defined as Z D V pp =I pp .
The impedance-frequency characteristic of the piezoelectric stator measured in the experiment is shown in Fig. 18 . As shown in the frequency response curve in Fig. 18(a) , the impedance value decreases continuously as the frequency of the input excitation signal increases. The amplitude of the impedance of the piezoelectric stator is less than 30 when the frequency is in the range of the (3, 3) in-plane bending mode as determined by the theoretical analysis and calculation.
To more clearly show the frequency response curve and the modal overlap phenomenon near the (3, 3) in-plane bending mode, a local sweep frequency experiment is performed from 148 kHz to 158 kHz. Figure 18(b) shows the result. The frequency response curve shows that the actual modal resonant frequency of Table 4   Table 4 . Comparison between the theoretical and experimental responses to excitation with a peak-to-peak voltage of 100 V.
the (3, 3) in-plane bending vibration mode occurs at 152.26 kHz, and no frequency overlap can be observed within the 3 kHz range on either side of the resonant frequency. The current-frequency response to excitation with a peak-to-peak voltage of 100 V is shown in Fig. 19 , and the comparison with the theoretical calculation is shown in Table 4 .
The method of calculating the resonance frequency and current presented here is not complicated but has a high accuracy, thus the method of calculating the energy conversion efficiency presented here has a high credibility, and it can serve as an accurate and effective method to verify the results of the design optimisation process. Table 4   Table 5 . Comparison between the theoretical and experimental responses to excitation with a peak-to-peak voltage of 100 V.
Experimental verification of the dynamic balance regulator
To verify the effectiveness of the dynamic balance regulator, the operating characteristics are measured in the static condition first. The test is performed under AC excitation at a frequency of 152.3 kHz and a peak-to-peak voltage of 200 V. The results of the experiment are shown in Fig. 20 .
Figure 20(a) shows that the maximum load of the dynamic balance regulator increases as the pre-load force increases, except when the pre-load force is greater than 30 N, where the maximum load decreases sharply. When the pre-load force is constant as shown in Fig. 20(b) , the rotational speed decreases as the load increases, and the dynamic balance regulator will stall quickly once the load reaches a certain limit. This limit is the maximum load that can be driven by the regulator.
A motorised-spindle test bench is used to perform a preliminary test of the proposed balancing regulator. The main purpose of this test is to prove the operational reliability and the balancing effectiveness of the regulator. An AFG3102 signal generator is used to generate the drive signal, an NF4051 power amplifier is used to amplify the drive signal, and a custom-built inductively coupled power transfer (ICPT) system is used to transmit power to the regulator. The single-dial tuning method is used in the proof test of the dynamic balance regulator. (As described previously, the balance regulator uses two similar piezoelectric devices to adjust two counterweight blocks. While one piezoelectric device is controlled to provide the balance correction vector, the other device is maintained in the locked state without power to provide a constant imbalance vector. This method is called the single-dial tuning method). The vibration signal is measured in the time domain using an accelerometer installed on the front support of the spindle in the balancing target position. A PXI-4472 signal acquisition module from National Instruments is used to sample the signal, which is converted from the time domain to the frequency domain by software. According to the rotor dynamics, the vibration magnitude at the operating frequency is a measure of the mass imbalance; therefore, it is used as the regulated parameter. A threshold value for the vibration magnitude can be set in software; when the magnitude falls below this value, the regulation process is stopped. The signal from the acceleration sensor is sampled before and after regulation. The schematic of the test system is shown in Fig. 21(a) . Except for the balancing regulator and the ICPT system, no other device is installed on the motorised spindle. The operating speed is set to 4800 rpm. The regulating mass is 20 g. A photograph of the proof test bench is shown in Fig. 21(b) . Sampled accelerations in the time domain before and after regulation are shown in Fig. 22(a) and (b), respectively (5000 sampling points are shown at a sampling frequency of 1 kHz). To analyse the regulation effect, the amplitude-frequency responses obtained from the Fourier transform of the acceleration signals before and after regulation are shown in Fig. 23(a) and (b) , respectively.
The experimental data show that, first, the balancing adjustment compensates for the vibration of the motorised spindle due to the mass imbalance, reducing the magnitude of the vibration at the operating frequency. Second, the dynamic balance regulator can maintain steady conditions after the regulation is performed, which demonstrates that the self-locking torque of the regulator can overcome the rotational centrifugal force and prevent the counterweight block from shifting; therefore, the operational reliability of the regulator has been proven.
CONCLUSIONS
This paper presents a new type of dynamic balance device for motorised spindles that uses the in-plane bending vibration mode of a piezoelectric stator with a thin annular structure. The advantages of this dynamic balance regulator include a good self-locking capability, a high regulation accuracy and simple control. The detailed study of the key component of this device, the piezoelectric stator, leads to the following conclusions:
1. Through the analysis of the characteristics of the vibration mode of the piezoelectric stator, the (3, 3) in-plane bending mode is chosen as the operating mode.
2. Based on the charge distribution on the piezoceramic surface during the deformation in the (3, 3) inplane bending vibration mode, the piezoceramic discs on the piezoelectric stator are polarised in six equal regions.
3. The amount of energy in each section of the piezoelectric stator is calculated by combining the finite element method and a semi-analytical method. The energy conversion efficiency of the stator structure is analysed, and an experimental study is performed.
4. It is shown by measuring the resonant characteristics of the piezoelectric stator that the impedance decreases as the frequency of the excitation voltage increases.
5. In preliminary tests, it is shown that the device provides effective regulation, good operational reliability and practical value.
This paper provides a detailed theoretical analysis of the piezoelectric stator of the dynamic balance regulator, and the preliminary tests verify the effectiveness of the regulation and the operational reliability of the regulator. Further research is needed to model the complete regulator and to optimise the dynamic balancing strategy.
